The complex gene expression responses of Anopheles gambiae to microbial and malaria challenges, injury, and oxidative stress (in the mosquito and͞or a cultured cell line) were surveyed by using cDNA microarrays constructed from an EST-clone collection. The expression profiles were broadly subdivided into induced and down-regulated gene clusters. Gram ؉ and Gram ؊ bacteria and microbial elicitors up-regulated a diverse set of genes, many belonging to the immunity class, and the response to malaria partially overlapped with this response. Oxidative stress activated a distinctive set of genes, mainly implicated in oxidoreductive processes. Injury up-and downregulated gene clusters also were distinctive, prominently implicating glycolysis-related genes and citric acid cycle͞oxidative phosphorylation͞redox-mitochondrial functions, respectively. Cross-comparison of in vivo and in vitro responses indicated the existence of tightly coregulated gene groups that may correspond to gene pathways.
The complex gene expression responses of Anopheles gambiae to microbial and malaria challenges, injury, and oxidative stress (in the mosquito and͞or a cultured cell line) were surveyed by using cDNA microarrays constructed from an EST-clone collection. The expression profiles were broadly subdivided into induced and down-regulated gene clusters. Gram ؉ and Gram ؊ bacteria and microbial elicitors up-regulated a diverse set of genes, many belonging to the immunity class, and the response to malaria partially overlapped with this response. Oxidative stress activated a distinctive set of genes, mainly implicated in oxidoreductive processes. Injury up-and downregulated gene clusters also were distinctive, prominently implicating glycolysis-related genes and citric acid cycle͞oxidative phosphorylation͞redox-mitochondrial functions, respectively. Cross-comparison of in vivo and in vitro responses indicated the existence of tightly coregulated gene groups that may correspond to gene pathways. C urrent molecular, cellular, and genomic methods are now applied to the mosquito Anopheles gambiae because of its importance as the major vector for human malaria in sub-Saharan Africa. An important focus of such studies is the immune defense system of the mosquito, which may be implicated in the response to invasion by the Plasmodium parasite and, therefore, in the success or failure of malaria transmission.
As illustrated by the fruit fly Drosophila, insects possess a sophisticated innate immune system controlled by signaltransduction pathways that resemble, in some respects, the corresponding immune pathways of mammals (1) . Drosophila immunity has served as a model and greatly facilitated corresponding studies in the mosquito. However, until recently, progress was slowed by cloning individual immune components one at a time. Genomicscale investigation was initiated by the isolation and characterization of nearly 6,000 mosquito expressed sequence tags (ESTs) from subtracted and normalized cDNA libraries (2) . These libraries, prepared from cultured hemocyte-like cell lines, identified numerous new putative components of the immune response. A fuller catalog can be expected soon from the annotation of the mosquito's whole-genome sequence (http://www.ncbi.nlm.nih. gov:80/cgi-bin/Entrez/map_search?chrϭagambiae.inf). Of course, candidates identified by sequencing require experimental validation.
Here, we use first-generation cDNA microarrays for highthroughput expression profiling of mosquito defense reactions. We determine the molecular composition of the immune response mounted by a hemocyte-like cell line when challenged by bacteria or elicitors derived from microbial surfaces. As a control, we define the response of the cell line to oxidative stress after exposure to hydrogen peroxide. In addition, we compare and contrast the responses of adult mosquitoes when challenged by injection of bacteria or by a control sterile injury. In a pilot study, the effects of malaria infection are also examined.
Materials and Methods
Construction of Anopheles Microarrays. A two-step PCR amplification of EST clone inserts used amino-modified T3 and T7 primers and bacterial cultures as primary templates. Ethanol-precipitated PCR products were resuspended in ArrayIt Microspotting solution (Telechem International, Sunnyvale, CA) and spotted on aminosilane-coated glass slides with the Omnigrid microarray spotter (GeneMachines, San Carlos, CA). The slides then were incubated at 60°C for 3 h and 100°C for 10 min to cross-link the DNA. (9) and manual database searches. (C). Reproducibility of un-averaged expression data (i) of a gene of complex splicing pattern and unknown function represented by 17 clones in the microarray and (ii) of a ribosomal protein gene represented by six clones. Two replicate spots (consecutive rows) on the array are shown for each clone. Normally, the 34 and 12 rows, respectively, would be averaged. Vertical sectors and columns represent profiles from seven developmental stages (DEV) and six time-course studies in cells challenged as in Fig. 2 or by UV irradiation. Note that, consistently, gene 1 is underrepresented in all developmental stages except the third (2nd instar larvae) and last (adult); it is overexpressed in all bacterial and PGN experiments but only in the first two time points of H 2O2 challenge. Gene 2 is consistently downregulated in all bacterial, PGN, and H 2O2 experiments but is up-regulated by UV challenge.
probes were synthesized and labeled with Cy-3-dUTP and Cy-5-dUTP fluorescent nucleotide analogs, in a random primed firststrand reverse-transcription reaction. After removal of unincorporated dNTPs with a Qiagen PCR purification kit (Qiagen, Chatsworth, CA), the probes were combined, lyophilized, and resuspended in hybridization buffer containing 50% formamide, 6ϫ SSC, 0.5% SDS, 5 ϫ Denhardt's reagent, and 0.5 mg͞ml poly(A) DNA. Arrays were prehybridized in 6 ϫ SSC, 0.5% SDS, and 1% (vol͞vol) BSA at 42°C for 90 min, hybridized overnight at 42°C in humidified hybridization chambers, washed twice in 0.1 ϫ SSC, 0.1% SDS (30 min), twice in 0.1 ϫ SSC (15 min), rinsed with de-ionized H 2 O, and dried.
Microarray Data Analysis. Intensities of hybridized probes were estimated with a GenePix 4000b (AXON Instruments, Foster City, CA) semiconfocal microarray scanner and software. The analyzed genes had median signal͞background Ͼ3, median background Ͻ500, and median signal͞noise Ͼ3, or showed exceptionally high intensity in one sample. The hybridization ratio for each probe was calculated by using the estimated ratio of medians after normalization of the total array intensity. The estimated fold regulation value of each clone was expressed as the log-2 value of the normalized ratio of medians. To ensure reproducible regulation profiles, genes were only selected for cluster analysis if regulated above a threshold cutoff, set as 3-fold in at least three experiments for Figs. 1 and 2, and 2-fold in two experiments in Fig. 3 , respectively. Clustering analysis and graphic presentations were performed as described (3, 4) by using the CLUSTER and TREEVIEW software (available at http:͞͞rana.stanford.edu͞software͞). Expression patterns of known immunity genes matched previously published data, and for 12 selected genes in cell-line experiments were verified by semiquantitative PCR.
Cell Culture and Mosquito Challenge. The A. gambiae cell line 4a-3B and adult female mosquitoes were maintained and challenged or infected as described (2, (5) (6) (7) . Heat-killed bacteria were applied to the cell line at OD ϭ 0.1, which ensured strong transcriptional regulation and probably over-stimulation (8) . Peptidoglycan (PGN, 77140, Fluka) and lipopolysaccharide (LPS, L-2880, Sigma) were applied at 10 g͞ml, Zymosan (Sigma, Z-4250) was at 100 g͞ml, and the H 2 O 2 concentration was 20 mM.
Results and Discussion
Microarray Analysis. The cDNA microarrays were doubly spotted with PCR-amplified inserts of 3840 EST clones (2), of which 3,251 had been sequenced and assembled into 2,296 clone clusters, and 589 had not been sequenced (Fig. 1A) . The combined total of sequenced clusters and nonsequenced clones is the maximal number of candidate genes [total of sequenced clusters and nonsequenced clones (TO), 2,885]. Of special interest were 1,015 gene clusters showing homology to genes of other organisms (HO) clusters (Fig. 1B) sufficient to assign all but 80 of these to functional classes. Differential gene expression profiles in response to a variety of challenges proved highly consistent between duplicate spots and clones of the same gene (Fig. 1C) and were averaged. They were displayed in red (overexpression) or green (underexpression), relative to the indicated reference sample. In time course studies (Figs. 2 and 3), data from successive experiments appeared as Table 2 and Fig. 4) . colored horizontal lines. We used both the self-organizing maps (SOMs) and hierarchical clustering methods (3, 4) to cluster genes with similar expression profiles. The SOMs were subdivided manually into clusters, according to notable transition in patterns of gene expression. In each study, the composition of differentially expressed clusters, in terms of functional classes, were displayed in accompanying pie charts. We monitored the 10 largest classes by consistent colors in the pie charts (see Fig. 1B ). The full composition of the differentially expressed clusters was recorded in Table  1 and supporting Tables 2-4 (which are published on the PNAS web site, www.pnas.org).
Cell Responses to Microbial Challenge and Oxidative Stress. We have used an immune-competent, hemocyte-like cell line, 4a-3B (5), to determine gene expression responses to microbial challenge in a simplified in vitro system. The cells were challenged with six different Gram Ϫ and Gram ϩ bacteria species (heat killed to avoid differences in growth dynamics) at concentrations that would ensure strong transcriptional regulation (8) . Three purified elicitors of microbial origin also were used. As a control, cells were challenged with H 2 O 2 , revealing the response to strong oxidative stress. The responses were studied in parallel time-course experiments, each with up to six time-points (1-24 h) which, together with the redundant sequence representation in the microarrays, ensured the robustness of the expression profiles. Cluster 1 is distinguished by consistent and strong induction upon H 2 O 2 treatment, and by numerous genes (13͞35 HO) that are predicted to function in oxidation͞reduction reactions or be expressed in mitochondria (redox͞mitochondrial class). One of these genes encodes thioredoxin reductase, the key enzyme that regulates redox balance in insects (9) . Conversely, cluster 3 shows strong induction of a different set of genes upon challenge by both bacteria and microbial elicitors, but not by H 2 O 2 . This set is strongly enriched in genes that belong to the immunity functional class (12͞44) and depleted of genes belonging to several other functional classes, notably the redox͞mitochondrial class (4͞44). In short, the induction of cluster 1 can be considered a signature of the cellular response to oxidative stress, whereas induction of cluster 3 represents the distinctive signature of a core immune response to microbial challenge. Fig. 3 . In vivo responses to sterile (STE) and septic (SEP) injury of adult mosquitoes and cross-correlation with in vitro data from the cell line. The expression profiles (1, 6, 12 , and 24 h) of genes showing at least 2-fold regulation in at least two of the eight STE and SEP experiments, or at least 2-fold regulation after malaria (M) challenge, were SOM-sorted into clusters 1, 2, and 3. The respective profiles from the cell-line challenge experiments (see Fig. 2 ) then were added after averaging the responses to six different bacteria (BACT). The combined expression profiles were again SOM-sorted, resulting in the subdivision of cluster 1 into 1A and 1B. Limited manual repositioning of genes within the clusters helped to highlight the patterns, including the existence of subclusters. The profiles of genes that were regulated after malaria challenge were used to construct the malaria-specific cluster M, which was analyzed by hierarchical clustering (Bottom). Numbers identify all 106 regulated HO genes, whose predicted functions are presented in Table 1 . Brackets (Bottom) indicate a gene group that is strongly down-regulated by malaria and LPS (see also cluster 3). The complete gene content is provided in Table 3 and Fig. 5 .
Additional up-regulation responses to microbial challenge are reflected in clusters 2 and 4. These clusters add 6 immunity genes to the 12 genes present in cluster 3, and thus, together encompass 18 of the 20 immunity genes present in Fig. 3 . These three immunity clusters are enriched in additional functional classes. Together they include 14 of 31 transport genes; clusters 2 and 4 encompass 7͞24 transcription͞nuclear genes; cluster 4 alone includes 3͞12 kinase genes and 4͞11 proteasome genes. Although insects are known to detect and respond to different classes of microbes by using distinct signal transduction pathways (10) , no subclusters differentiating the responses to Gram ϩ and Gram Ϫ bacteria were defined at the tested bacterial concentrations. This finding is likely due to overstimulation, overlap of responses to various bacterial components exposed by heat-killing, or subsequent effects such as phagocytosis and digestion of debris.
Four other clusters, 5-8, are largely down-regulated by both microbial and oxidative challenge. Genes encoding ribosomal proteins and other components of protein metabolism are especially numerous (40 genes, as compared with 6 in clusters 1-4), possibly indicating incidence of apoptosis. The structural͞cytoskeletal͞ adhesion class is also strongly represented in the down-regulated expression clusters (27 genes, as compared with 4 in clusters 1-4), suggesting that major changes in cell shape and adhesiveness may occur upon microbial challenge. Finally, carbohydrate and lipid metabolism genes are overrepresented in the down-regulated cluster 7 (9 genes, as compared with 5 in clusters 1-4) .
In contrast to the uniformity of responses to different bacteria (and Zymosan, extract of yeast cell walls), two purified microbial elicitors, PGN and LPS, result in distinct responses. In response to LPS only, the immunity clusters 3 and 4 show strong, reasonably coherent gene activation, and only cluster 6 (which is especially rich in ribosomal proteins) is coherently down-regulated. Four other clusters (1, 5, 7, and 8) show noncoherent gene-specific effects of LPS, either positive or negative for different genes within the same expression cluster. The nature of the atypical LPS response is 
Adult Mosquito Responses to Sterile and Septic Injury and Malaria
Infection. To investigate the in vivo immune response against bacteria, one group of mosquitoes were pricked with a needle dipped in a thick suspension of live E. coli and Micrococcus luteus (septic injury), and another group were pricked with a sterile needle (sterile injury). For these experiments, we used the melanotically encapsulating malaria-refractory strain L3-5, in which robust immune responses have been reported (6, 12) , and as reference, naïve uninjured mosquitoes sampled at 0 h. The experimental groups were sampled at 1, 6, 12, and 24 h, leading to the detection of a broad range of genes and suggestive evidence of complex temporal kinetics. The responses were weaker than in the cell lines, suggesting that only a minority of the mosquito's cells are implicated in these in vivo responses and are partially masked by nonresponding tissues (13) . Nevertheless, the in vivo experiments document clear responses involving 106 HO genes which are numbered in Fig. 3 and listed in Table 1 (see also Fig. 5 , which is published as supporting information on the PNAS web site). Nearly half belong to only three functional classes: 24 redox͞mitochondrial gene, 15 immunity genes, and 11 carbohydrate metabolism genes. The predominant responses observed in these experiments are seen in both sterile and septic injury and, therefore, can be ascribed to injury͞wound healing. They include injury-induced up-regulation of 42 HO genes relative to naïve mosquitoes (Cluster 1) and injury-induced downregulation of a second set of 39 genes (Cluster 3). Superimposed on these shared injury responses, only septic treatment activates a distinctive cluster 2, which represents the reaction to bacterial infection.
Cross-Comparison and Detailed Analysis of in Vitro and in Vivo
Responses. These in vivo responses were compared with the in vitro responses of the cell line to bacteria. For this cross-comparison, the response profiles of cultured cells to the six different species of bacteria were first averaged. The already clustered in vivo expression profiles of the 189 TO͞106 HO genes then were combined with the respective profiles of the same genes from the cell-line study (Fig. 3, Fig. 5, Table 3) . The three clusters then were subjected individually to SOM reanalysis. This cross-comparison clearly subdivided the in vivo cluster 1 into two, 1A and 1B, resulting in a total of four with remarkably distinct composition ( Fig. 3 and Table 1 ). Importantly, the comparison also highlighted the existence of some specific features within the new clusters, as discussed below.
Cluster 1A. This cluster is rapidly activated by injury but downregulated in vitro in response to bacteria, PGN, and H 2 O 2 . In this respect, injury is perceived as distinct from and even opposite to microbial challenge. These responses are especially antithetical for the compact group of genes 6 to 21 (Fig. 3) . The genes in this group are particularly strongly down-regulated upon in vitro bacterial challenge or PGN treatment and also end their septic injuryinduced activation prematurely (before 24 h), while remaining activated in sterile injury. The composition of cluster 1A is unusual (Table 1) , as genes of the carbohydrate metabolism class predominate (6͞26 HO genes). They encode enzymes involved in glycolysis-related processes (glucosidases, trehalase, lactate dehydrogenase), an enzyme essential for the anaplerotic reactions (phosphoenolpyruvate carboxykinase), and a key enzyme for the pentose phosphate pathway, uridine kinase; no enzymes directly involved in the citric acid cycle are represented in this cluster. Other notable features are the total absence of immunity genes, the scarcity of redox͞mitochondrial genes, and the presence of three transport genes and two cytoskeletal genes (Table 1) . Furthermore, aside from the 10 major classes, this cluster includes nine miscellaneous genes, six of which have Drosophila homologues of unknown function. The response to H 2 O 2 highlights two apparent groupings: genes 1-5 show stronger down-regulation than after bacterial challenge, and genes 22 to 26 are weakly up-regulated.
Cluster 1B. In strong contrast to 1A, this cluster represents a response that is activated not only by injury but also by in vitro microbial challenge. Interestingly, cluster 1B can be distinguished into two gene groups following H 2 O 2 challenge: genes 27-34 are weakly or transiently up-regulated by oxidative stress, whereas genes 35 to 42 are clearly down-regulated. In contrast, the latter group shows particularly strong activation by LPS. The composition of cluster 1B is radically different from that of cluster 1A and encompasses genes of only three major classes. One of the four redox͞mitochondrial genes encodes a ferredoxin reductase, a FAD flavoprotein that belongs to the family of pyrimidine nucleotide disulfide oxidoreductases and may affect the redox state of the internal milieu. The immunity class is represented by three diverse genes, two of which may serve ''mopping-up'' functions only indirectly related to immunity: a chitin-binding domain gene, and a putative apoptotic corpse-scavenger gene, homologous to Drosophila croquemort (14) . Also included in the 1B cluster are eight miscellaneous genes, four of which are of unknown function in Drosophila (see Table 1 ).
Cluster 2. This cluster, which is activated by septic but not sterile injury, represents the in vivo response to bacterial infection. Not surprisingly, it is dominated by immunity genes (10͞25 HO; Table  1 18), and a homologue of the Caenorhabditis elegans adaptor protein, CED-6, which is implicated in phagocytosis of apoptotic corpses (19) . Additional immunity genes encode two different fibrinogen domain (FBN) lectins reminiscent of the crustacean immunolectins that are involved in aggregation of bacteria (20) and of the mammalian ficolins that are capable of activating complement cascades and are implicated in phagocytosis (21) . The two final members of this class correspond to well known immune related pathways: a putative receptor with extensive Leucine-rich repeats (LRR), that shows homology to the mammalian and Drosophila Toll-like receptors (22) , and a putative inhibitor of the cactus͞IB family (23) .
The septic cluster 2 also encodes four members of the protein metabolism class, three cytoskeletal and adhesion components, two members of the redox͞mitochondrial class, and two putative transporters including a putative Na͞Cl-dependent dopamine transporter (24) . The latter may provide a link between the immune response and stimulation of the nervous system. Dopamine is the product of dopa decarboxylase (a member of cluster 1B) and is both a neurotransmitter and an intermediate in the oxidative pathway leading to the formation of melanin, a central component of insect defense.
Most of the cluster 2 genes are also activated in vitro by bacteria or PGN; an overlapping but not identical subset is activated by LPS. In contrast, most of these genes (53 to 64) are down-regulated by H 2 O 2 . An intriguing group of genes, 64-67, are strongly upregulated by septic injury and in vitro challenge by bacteria and microbial elicitors but antithetically down-regulated by sterile injury. One of these, gene 65, is one of the most highly and consistently induced sequences in challenged cell cultures, showing up to 16-fold up-regulation, especially by PGN or Zymosan. The encoded protein has extended His stretches and resembles the product of the cats-up gene of Drosophila, encoding a negative regulator of the production of dopa and other catecholamines (25) . This interesting group also encodes a putative cell-surface receptor with significant homology to EGF-domain proteins, 66, an FBN lectin, 64, and the LRR putative receptor, 67.
Cluster 3.This cluster is defined by its down-regulation by injury, both sterile and septic. It is dominated by the redox͞mitochondrial class (16͞39 HO genes), including numerous components of the oxidative phosphorylation pathway (several subunits of the NADH dehydrogenase and cytochrome c oxidase complexes). The carbohydrate metabolism genes are also over-represented (5͞39 HO genes), and here (unlike in cluster 1B) they encode components of the citric acid cycle. Additional notable components are ceramidase (down-regulated by PGN and slightly up-regulated by H 2 O 2 ) and a Ser protease inhibitor (serpin) that is down-regulated by both injury and H 2 O 2 .
Cluster 3 is largely unresponsive in cultured cells challenged by bacteria. Intriguingly, however, partially overlapping gene groups are induced by PGN (genes 71-78) and H 2 O 2 (genes 73-84). Two prominent groups are strongly up-regulated (genes 99-106) or down-regulated (genes 82-86) by LPS. A subcluster of genes, 82-86, is strongly down-regulated by LPS. Although it is premature to infer their functions, coregulated groups clearly suggest the existence of differentially regulated pathways, which were not obvious from the in vitro data alone, but were highlighted when filtered through the injury-induced down-regulation responses.
Malaria-Induced Genes. For a preliminary comparison of the responses to infection by bacteria and malaria, matched sets of mosquitoes were fed normal mouse blood or blood infected with Plasmodium berghei, and 24 h later, when the parasite is known to cross the midgut epithelium and elicit an immune reaction (3, 4, 8) , differential expression profiles were determined. Comparison of the septic response profiles clearly demonstrated that the malaria response of adult mosquito of this strain extensively overlaps with but is not identical to the response to bacteria (Fig. 3) . Malaria up-regulates 13 HO genes and down-regulates 5 HO genes (24 and 10 TO genes, respectively; cluster M in Fig. 3 , Table 4 ). The up-regulated genes are mostly also induced by bacteria, PGN and LPS in vitro. However, some are down-regulated by bacteria, PGN and H 2 O 2 in vitro, and by septic and sterile injury (genes 69 and 70); by septic and sterile injury (gene 74); by PGN, sterile injury, and H 2 O 2 (gene 64); or by sterile injury (gene 67). A prominent coregulated group, including genes 32, 83, and 84, is downregulated by both LPS and malaria.
The M cluster includes a variety of functional classes but is especially enriched in immunity-class genes. Genes of this class that are activated by both bacterial and malaria challenge encode the PGRP-LB receptor, the GNBP opsonin, an FBN lectin, a thioestercontaining putative opsonin, the serine protease 14D, the CED-6-like phagocytic adaptor, and the LRR putative receptor. Other HO genes that are specifically activated by malaria but not bacteria encode an isocitrate dehydrogenase, a dsRNA binding RNase 3, and a mitochondrial phosphate carrier. characteristic and diverse sets of genes. The malaria response overlaps extensively with the reaction to bacteria. In the injury response, the down-regulated cluster is enriched in genes that function in the mitochondria and are mainly related to the oxidative phosphorylation and citric acid cycle, whereas the activated cluster includes genes related to glycolysis.
